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Abstract 21 
Understanding how different physical processes can shape the probability distribution function 22 
(pdf) of surface temperature, in particular the tails of the distribution, is essential for the 23 
attribution and projection of future extreme temperature events. In this study, the contribution of 24 
soil moisture-atmosphere interactions to surface temperature pdfs is investigated. Soil moisture 25 
represents a key variable in the coupling of the land and atmosphere, since it controls the 26 
partitioning of available energy between sensible and latent heat flux at the surface. 27 
Consequently, soil moisture variability driven by the atmosphere may feed back on near-surface 28 
climate, in particular temperature. In this study, two simulations of the current-generation 29 
Geophysical Fluid Dynamics Laboratory (GFDL) earth system model, with and without 30 
interactive soil moisture, are analyzed in order to assess how soil moisture dynamics impact the 31 
simulated climate. Comparison of these simulations shows that soil moisture dynamics enhance 32 
both temperature mean and variance over regional ’hotspots’ of land-atmosphere coupling. 33 
Moreover, higher-order distribution moments such as skewness and kurtosis are also 34 
significantly impacted, suggesting an asymmetric impact on the positive and negative extremes 35 
of the temperature pdf. Such changes are interpreted in the context of altered distributions of the 36 
surface turbulent and radiative fluxes. That the moments of the temperature distribution may 37 
respond differentially to soil moisture dynamics underscores the importance of analyzing 38 
moments beyond the mean and variance to characterize fully the interplay of soil moisture and 39 
near surface temperature. In addition, it is shown that soil moisture dynamics impacts daily 40 





1) Introduction 45 
Much of the anticipated risk of global warming for human and natural systems is associated with 46 
projected changes in the occurrence and intensity of extreme climatic events (IPCC 2012). 47 
Regional increases in the frequency of extreme events such as heat waves, droughts and heavy 48 
precipitation, coupled with potentially increased likelihood of event amplitude outside the range 49 
experienced in the recent past, may exceed human or ecosystem adaptive capacity and resilience. 50 
Quantifying the statistics of such events is inherently challenging, as their frequency of 51 
occurrence is small. On the other hand, it is not unreasonable to expect that extreme events may 52 
be sensitive to modifications of the probability distribution functions (pdfs) of variables such as 53 
temperature and precipitation, especially the tails of the pdfs. An important open question is 54 
whether, in the context of climate change, changes in extremes simply result from a shift in the 55 
mean of the distribution, or whether changes in higher-order moments, controlling the shape of 56 
the pdf, also contribute to changes in the occurrence of extreme events (e.g., refer to figure 57 
SPM.3 in IPCC 2012 and to Seneviratne et al. 2012). With respect to the evolution of extreme 58 
events over the 20
th
 century, regional studies indicate conflicting results (e.g., Griffiths et al. 59 
2005, Simolo et al. 2011, Ballester et al. 2010). Rhines and Huybers (2013) suggest that 60 
observational evidence of changes in the frequency of extreme hot summers can be explained by 61 
a simple shift in the mean without changes in the shape of the pdf, given currently available data. 62 
Donat and Alexander (2012), on the other hand, presented observational evidence of increasing 63 
variance and skewness of the distribution of daily surface temperature at the global scale, 64 
suggesting that changes in temperature pdfs already play a role in changes in temperature 65 
extremes.  66 
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In addition, Ruff and Neelin (2012) recently demonstrated how projection of future changes 67 
in temperature extremes (defined as threshold exceedance) is sensitive to the details of the 68 
present-day pdf tails, i.e., whether the tails are Gaussian or non-Gaussian leads to different 69 
estimates of expected change. Therefore, because changes in climate extremes result from the 70 
combination of present-time pdf characteristics and how they will evolve in the future, accurate 71 
projection of the effect of climate change on extremes requires understanding of the underlying 72 
physical processes shaping these distributions. Linking pdf shapes to physical processes has been 73 
the focus of some recent studies in climate science (Neelin et al. 2010, Ruff and Neelin 2012, 74 
Loikith and Broccoli, 2012, Loikith et al. 2013). Such studies have typically focused on 75 
atmospheric processes, e.g., Loikith and Broccoli (2012) investigate synoptic patterns associated 76 
with the tails of the temperature distribution over North America. Here, we extend this line of 77 
research by investigating the impact of land-atmosphere interactions on the distribution of daily 78 
surface temperature at the global scale, with a focus on the role of soil moisture-atmosphere 79 
feedbacks. 80 
Soil moisture is a key variable in land-atmosphere interactions: the variations of soil moisture 81 
in response to atmospheric conditions (precipitation, radiation, evaporative demand) impact 82 
surface turbulent and radiative heat fluxes, thereby potentially feeding back on atmospheric 83 
conditions. For example, low precipitation conditions can ultimately limit soil moisture 84 
availability, leading to decreased latent and increased sensible heating at the surface. Attendant 85 
increases in atmospheric temperature and impacts on boundary layer structure and 86 
thermodynamics may render the atmosphere less conducive to precipitating deep convection, 87 
resulting in a reinforcement of, or positive feedback on, low precipitation (Findell et al 2003a 88 
and b, D’Odorico and Porporato 2004, Findell et al. 2011, Gentine et al. 2011, 2013).  89 
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Soil moisture-atmosphere interactions have been the subject of numerous studies (for a 90 
review, see Seneviratne et al. 2010). Because of the relative paucity of soil moisture and land-91 
atmosphere flux measurements at the necessary spatial and temporal scales, as well as the 92 
difficulty in isolating causality in observations of the coupled land-atmosphere system (Findell et 93 
al. 2011, Orlowsky and Seneviratne 2010), investigation of these processes has often relied on 94 
modeling. Setting aside the obvious caveats regarding model fidelity, a frequently used approach 95 
involves comparing control simulations with simulations in which soil moisture is prescribed 96 
(Koster et al. 2002, 2004, Seneviratne et al. 2006, Conil et al. 2007, Krakauer et al. 2009): in the 97 
latter, soil moisture is prevented from responding to the atmosphere, thus severing the feedback 98 
loop between soil moisture and the atmosphere. Such studies have generated the notion of 99 
“hotspot” regions in which land-atmosphere interactions significantly enhance surface 100 
temperature and precipitation variability, although the magnitudes and spatial patterns of this 101 
coupling vary substantially between models and with model resolution (e.g., Koster et al. 2006, 102 
Hohenegger et al. 2009, Seneviratne et al. 2010). In addition, soil moisture-atmosphere coupling 103 
has been shown to play a determining role in climate extremes such as floods and heat waves 104 
(Paegle et al. 1996, Pal and Eltahir 2003, Fischer et al. 2007). Recent model and observational 105 
studies in particular suggest that soil moisture-atmosphere feedbacks can affect the tails of 106 
temperature distributions (e.g. Jaeger and Seneviratne 2011, Hirschi et al. 2011, Mueller and 107 
Seneviratne 2012). Such local land-atmosphere processes may thus be expected to contribute to 108 
shaping the pdfs of different surface climate variables (Diffenbaugh et al. 2005).  109 
Many of the studies alluded to above have emphasized soil moisture-induced changes in 110 
variable dispersion (e.g., standard deviation): as such, they have not fully evaluated the effect of 111 
soil moisture dynamics on the overall distribution shapes of these climate variables. Here we 112 
note that measures like the standard deviation may provide a poor basis for assessing how the 113 
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tails of the pdfs will respond to a forcing. Given the importance of understanding the governing 114 
processes of climate pdfs and associated distribution tails, as outlined above, we perform here a 115 
complete assessment of the impact of soil moisture dynamics on the distribution of daily surface 116 
temperature. To do so we consider changes in all moments of the temperature pdf between 117 
simulations with and without interactive soil moisture. The remainder of this paper is organized 118 
as follows. Section 2 presents the model and experimental setup used for these simulations; 119 
section 3 exposes the results of the different simulations in terms of temperature distribution and 120 
the processes responsible for these differences. Section 4 includes some further discussion and 121 
conclusion. 122 
 123 
2) Methods 124 
As part of the fifth phase of the Coupled Model Intercomparison Project (CMIP5) Global Land-125 
Atmosphere Coupling Experiment (GLACE-CMIP5) model intercomparison project 126 
(Seneviratne et al. 2013), simulations were performed with the Geophysical Fluid Dynamics 127 
Laboratory (GFDL) earth system model ESM2M (Dunne et al. 2012) over 1951-2100, with and 128 
without interactive soil moisture. In both cases, historical radiative forcing agents (well-mixed 129 
greenhouse gases (CO2, CH4, N2O, halons), tropospheric and stratospheric O3, aerosol 130 
concentrations (sulfate, black and organic carbon, sea salt, dust, volcanic aerosols), solar 131 
irradiance and land use transitions) were prescribed over 1951-2005, while the RCP8.5 scenario 132 
was assumed thereafter. Moreover, sea surface temperatures (SSTs) and sea ice concentrations 133 
over the whole simulation were prescribed in each simulation from a fully coupled (ocean-134 
atmosphere) concentration-driven simulation originally performed with ESM2M in support of 135 
CMIP5. ESM2M uses the Atmospheric Model, version 2 (AM2) with a 2° latitude × 2.5° 136 
longitude horizontal grid with 24 vertical levels, on a D grid using finite-volume advection (Lin 137 
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2004) with a 30-min dynamical time step and 3-h radiation time step. The atmospheric physical 138 
parameterizations are described in GAMDT (GFDL Global Atmospheric Model Development 139 
Team, 2004). The coupled land model component is GFDL’s LM3, described by Milly et al. (in 140 
rev.). LM3 includes multi-layer representations of temperature, liquid-water content, and ice 141 
content of snow pack and of the soil-bedrock continuum; horizontal transport of runoff to the 142 
ocean via a global river network; and lakes, lake ice, and lake-ice snow packs that exchange 143 
mass and energy with both the atmosphere and the rivers. Vegetation dynamics and biophysics 144 
are interactively computed in LM3 as in the model LM3V (Shevliakova et al. 2009).  145 
In the interactive soil moisture case (the control simulation, CTL), soil moisture 146 
dynamics responds to atmospheric variability, e.g., precipitation or evaporative demand. In the 147 
prescribed-soil moisture case (denoted simulation 1A), soil moisture is overridden at each time 148 
step, in each of the 20 soil layers, by its climatological value computed for each pixel over 1971-149 
2000 from the original coupled simulation: monthly soil moisture climatological values are 150 
linearly interpolated in order to prescribe values at each time step in the model. A difference of 151 
this experiment from the first GLACE experiment (Koster et al. 2004) is that in the prescribed 152 
case here, soil moisture is overridden by climatological values (from the 30 year-period 1971-153 
2000) and not directly by soil moisture outputs from the interactive run (thus similar to the 154 
approach used in Seneviratne et al. 2006). The implications of this particular protocol are 155 
discussed in section 4. Here we compare the two simulations over 1971-2000: focusing on this 156 
time period ensures that both simulations have identical soil moisture climatologies. The 157 
comparison thus isolates the effect on climate of soil moisture-atmosphere interactions, as these 158 
interactions are active in CTL, and effectively disabled in 1A, since soil moisture does not 159 
respond to the atmosphere in this simulation. Since land-atmosphere coupling, and the impact of 160 
soil moisture dynamics on surface climate, is generally expected to be stronger in summer 161 
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(Dirmeyer 2003), our analysis considers distributions of daily mean near-surface temperature in 162 
boreal summer (June-July-August; JJA).  163 
Comparing distributions of climate variables on the global scale is practically challenging, 164 
since the pdfs are difficult to visualize over all pixels at the same time. Thus, in order to analyze 165 
the changes in the distribution of daily temperatures and other surface variables globally, we 166 
calculate and compare over each pixel the first four moments of the distribution: mean, standard 167 
deviation, skewness and kurtosis. While a distribution is, in general, not entirely characterized by 168 
these four moments, moment changes between both simulations provide a first quantitative 169 
assessment of the overall change in the aspect of the distribution. While the standard deviation 170 
measures the dispersion of a distribution (i.e., the variability) around its location (i.e., mean), 171 
higher-order moments characterize the shape of the pdf. Skewness measures the asymmetry of 172 
the tails from both sides of the distribution, with positive (negative) skew indicating the presence 173 
of a longer tail on the high (low) end of the distribution, while the kurtosis assesses how much of 174 
the distribution lies in the peak around the mean and in the tails, compared to the ‘shoulders’ in 175 
between. That is, a distribution with a high peak around the mean, long tails and little in between 176 
will have a higher kurtosis than a squat distribution with a low peak and short tails. In addition to 177 
analyzing changes in distribution moments, we also investigate in more detail the pdfs of 178 
surface-atmosphere variables for representative spatial locations in order to gain insights into the 179 
operation of regional scale processes and how these may differ geographically. 180 
 181 
3) Results 182 
A. Changes in temperature distribution 183 
We first highlight differences in daily temperature distribution between both simulations over 184 
1971-2000 by considering the first four moments of the distribution (Fig. 1). Figure 1a indicates 185 
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that a leading-order impact of soil moisture dynamics and associated feedbacks to the 186 
atmosphere is to increase average JJA temperature over some regions of the Northern 187 
Hemisphere, with peak values of 7 K over parts of North America and Central Asia. By contrast 188 
mean temperature appears to change only modestly over the Tropics. Moreover, in really dry 189 
regions, e.g., the Sahara, a small cooling can be noted. Similar changes in mean JJA temperature 190 
were documented in analogous model experiments with the GISS model in Krakauer et al. 191 
(2009), albeit with smaller amplitude. This difference in the strength of the effect is likely due to 192 
different treatment of vegetation in the two models (interactive versus prescribed, discussed more 193 
below). Figure 1b further shows that the shift in mean near-surface air temperature over North 194 
America and Central Asia is associated with a large increase in temperature standard deviation in 195 
summer, by up to 3 K; in addition, tropical monsoon regions like India and the Sahel also display 196 
a significant increase in JJA daily temperature variability. Such regions of enhanced temperature 197 
standard deviation can be understood as regions of strong soil moisture-temperature coupling, in 198 
the sense that soil moisture-atmosphere interactions contribute strongly to the variability in 199 
summertime surface temperature. Areas of enhanced variability identified here are consistent 200 
with many of the hotspot regions highlighted in previous assessments of soil moisture-201 
temperature coupling, either based on modeling experiments similar to the one performed here 202 
(Koster et al. 2006, Seneviratne et al. 2006) or based on observations (Mueller and Seneviratne 203 
2012, Miralles et al. 2012, fig. 1 therein).  204 
Figures 1c and 1d further reveal that soil moisture dynamics have a profound impact not 205 
only on the dispersion of simulated surface temperature but also on the shape of the 206 
corresponding pdfs. Skewness generally increases in CTL compared to 1A (Fig. 1c), indicating 207 
that interactive soil moisture displaces the core of the temperature distribution to the left (relative 208 
to the new, warmer mean) and widens the high-side tail. This effect is particularly pronounced 209 
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over the Southeast US, the southern fringe of the Sahel, and Southeast Asia. Although the signal 210 
is more heterogeneous, kurtosis generally decreases over the same regions (Fig. 1d), in particular 211 
over the Southeast US, meaning that the corresponding temperature distribution peaks tend to be 212 
suppressed and the distribution shoulders become heavier. However, some regions conversely 213 
show increasing kurtosis (Southeast Asia, Sudanian part of West Africa). Importantly, some 214 
regions exhibiting pronounced enhancement of temperature standard deviation do not manifest 215 
strong differences in either skewness or kurtosis (Central Asia, India), while others show strong 216 
differences in terms of pdf shape without large changes in standard deviation or mean (Southeast 217 
Asia). This underscores the importance of analyzing higher-order moments of variability in order 218 
to fully assess the impacts of soil moisture-atmosphere interactions on near surface temperature. 219 
To provide more insight into these changes in moments, Figure 2 shows the temperature 220 
distributions in CTL and 1A over five points taken as representative examples of the regions and 221 
behaviors mentioned above (see points on Fig. 1). While considering individual grid cells may 222 
limit the spatial interpretation of the analyzed pixels, it allows clearly highlighting the pdf 223 
behavior, as well as the processes involved (see section 3.B). In general, the CTL temperature 224 
distributions contain a high-side shoulder relative to 1A, albeit with some regional differences, 225 
which are reflected in the distinct changes in the various moments of the distribution over these 226 
regions. Over the points in the Central US and Central Asia this shoulder is large enough to 227 
substantially alter the distribution mean, while over the three other points highlighted, the impact 228 
on the mean is limited. The high-side shoulder in CTL is associated with increased standard 229 
deviation everywhere, except over Southeast Asia where the associated high-side tail is so flat 230 
that it leads to a strong increase in skewness, i.e. asymmetry of the tails, but comparatively little 231 
change in standard deviation. A strong increase in skewness is further evident over the Central 232 
US point, whereas over points in India, the Sahel, and Central Asia, skewness is little affected. In 233 
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general, flatter and more spread out pdfs in CTL are associated with lower kurtosis, although the 234 
strength of this effect varies from strong (Central US) to weak (Central Asia). Over Southeast 235 
Asia, the very large increase in kurtosis (see also Fig. 1d) results from the very sharp high-side 236 
tail in CTL, which actually increases the overall weight of the tails in the distribution. 237 
 Overall, Figure 2 indicates that the changes in distribution moments primarily correspond 238 
to changes occurring on the high side of the temperature distribution. In contrast, apart from 239 
slight increases in the number of low-temperature days over either the Sahel or India, 240 
summertime low temperatures are effectively unchanged by interactive soil moisture. That soil 241 
moisture-atmosphere interactions disproportionately impact the high side of the temperature 242 
distribution underscores how such interactions may be especially critical for high temperature 243 
extremes (see also Hirschi et al. 2011, Mueller and Seneviratne 2012). In the following section, 244 
we focus on the physical processes linking the difference in soil moisture variability between 245 
both simulations to regional differences in the temperature pdfs. 246 
 247 
B. Physical processes  248 
In general one may expect the prescription of soil moisture to impact surface temperature 249 
through changes to surface turbulent heat fluxes, both directly through the impact of surface heat 250 
flux partitioning on surface temperature and indirectly through the impact of surface fluxes on 251 
boundary layer processes, cloud cover and radiation (Betts 2004; Betts and Viterbo 2005; Betts 252 
2007; Gentine et al. 2010, 2013; Seneviratne et al. 2010; Lintner et al. 2013). To highlight the 253 
surface processes at play, Figure 3 depicts distributions of surface energy fluxes in both 254 
simulations over the same points analyzed in Figure 2. 255 
 256 
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1. General mechanism to account for the difference between interactive and 257 
prescribed soil moisture 258 
The general mechanism inferred from Figure 3 is as follows: in CTL, interactive soil moisture 259 
dynamics induces greater soil moisture variability and thus a wider distribution of soil moisture 260 
compared to the climatology imposed in 1A. In particular, interactive soil moisture permits the 261 
development of very dry conditions (Fig. 3a). (Here and in the following we use surface soil 262 
moisture (first 10cm) as it is more strongly correlated to heat fluxes than the total 10m column 263 
moisture). Thus evapotranspiration in CTL is more frequently soil moisture-limited, as depicted 264 
in the relationship between soil moisture and the evaporative fraction (EF), the ratio of latent 265 
heat flux to the sum of sensible and latent heat fluxes (Fig. 3a). In general, this relationship is 266 
characterized by two regimes: a moisture-limited regime in which available surface energy 267 
exceeds the amount needed to evaporate or transpire the available moisture, so EF increases with 268 
soil moisture; and an energy-limited regime, in which moisture is abundant and EF saturates with 269 
respect to increasing soil moisture (Gentine et al. 2011; see also Figure 5 in Seneviratne et al. 270 
2010). Here, in CTL more days typically lie in the moisture-limited portion of the relationship, 271 
while in 1A, because soil moisture is prescribed to climatological values, more days lie in the 272 
energy-limited regime. Increasing soil moisture limitation in CTL leads to increasing frequency 273 
of days with low evapotranspiration in CTL (Fig. 3b), and thus a corresponding increase in days 274 
with high sensible heat flux (Fig. 3c). Higher sensible heat fluxes lead to elevated surface 275 
temperature; hence, as is evident from the comparison of Figure 3c and Figure 2, the resulting 276 
differences in the sensible heat flux distribution strongly determine the differences in 277 
temperature distribution. In other words, specific changes in moments of the temperature 278 
distribution over different regions - i.e., different combinations of changes in mean, variance, 279 
skewness and kurtosis associated with the emergence of a high-side shoulder in the distribution 280 
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in CTL (discussed in section 3.A) – appear to reflect how the pdfs of surface heat fluxes are 281 
affected by interactive versus prescribed soil moisture. Note that differences in surface heat 282 
fluxes are also associated with differences in the distribution of cloud cover and thus incoming 283 
solar radiation (Fig. 3d), which may further contribute to differences in temperature distribution 284 
by altering available surface energy. 285 
In the following subsections, we diagnose some of the principal regional differences in the 286 
general mechanism discussed here, i.e., we consider the impacts of soil moisture dynamics on 287 
land-atmosphere fluxes that lead to the distinct regional changes in the temperature pdfs.  288 
  289 
2. Central US and Central Asia 290 
The North American and Central Asian points reflect regions of large increase in the mean 291 
temperature in Figure 1a. Figure 3 shows that over these two points the soil moisture limitation 292 
mechanism described above is strong enough to decrease mean evapotranspiration (Fig. 3b, first 293 
two rows) and increase mean sensible heat flux (Fig. 3c), as well as to increase mean incoming 294 
radiation (Fig. 3d). These changes account for the pronounced mean warming in CTL over these 295 
two regions. By contrast the other points in Figure 3 do not show appreciable mean shifts in the 296 
pdfs of the surface energy budget terms.  297 
The decreased evaporative fraction over North America and Central Asia in CTL is 298 
attributable to the characteristics of the interactive soil moisture distribution compared to the 299 
climatological distribution, and how these respective distributions then convolute with the non-300 
linear soil moisture-EF relationship. The North American and Central Asian points are dry in 301 
summer (mean JJA rainfall of 4.1 and 1.3 mm/d, respectively), with frequent dry days punctuated 302 
by rainy days; therefore, over these regions soil moisture dynamics induce a strongly positively 303 
skewed distribution of soil moisture values, with far more numerous low soil moisture anomalies 304 
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than high ones (Fig. 3a). As a result, in CTL, EF is commonly low reflecting a soil moisture-305 
limited regime. However, in simulation 1A, the corresponding climatological soil moisture 306 
values are adequately high to ensure that EF lies entirely in the energy-limited regime, with little 307 
sensitivity to soil moisture (Fig. 3a). In other words, in these regions overriding soil moisture 308 
with the climatological seasonal cycle effectively removes the soil moisture limitation on 309 
evapotranspiration. One may note that in that case the shape of the latent heat flux pdf (Fig. 3b) 310 
directly reflects that of incoming radiation (Fig. 3d). As a result of this difference in evaporative 311 
regime (soil moisture- or energy-limited), the average difference in EF between both simulations 312 
is maximized (cf. horizontal dashed bars on Fig. 3a and vertical bars on Fig. 3b and c). Note that 313 
this decrease in evapotranspiration directly reflects a large decrease in vegetation (not shown on 314 
Fig. 3): since vegetation is interactively simulated in GFDL ESM2M, the positively skewed soil 315 
moisture distribution in CTL leads to a large decrease in vegetation over these regions, since it is 316 
associated with increased water stress for vegetation. The decrease in total evapotranspiration 317 
thus directly corresponds to a decrease in transpiration from vegetation. Finally, large mean 318 
changes in surface fluxes over these two regions between 1A and CTL are also associated with 319 
impacts on the simulated boundary layer and cloudiness: warmer days with reduced 320 
evapotranspiration in CTL and higher sensible heat flux tend to be associated with reduced low-321 
level cloud cover (not shown) and thus increased mean incoming shortwave radiation (Fig. 3d). 322 
Although it is not straightforward to disentangle the respective contributions of each factor 323 
contributing to the mean surface warming, increased radiation arguably leads to further warming 324 
the surface, i.e., it is a positive feedback.  325 
Over both Central Asia and North America, the raising of sensible heat flux by soil 326 
moisture dynamics in CTL compared to 1A leads to a wider distribution. The corresponding 327 
widening of the temperature distribution is thus associated with increased standard deviation. 328 
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Over the Central US, soil moisture dynamics clearly generates bimodal distributions of latent and 329 
sensible heat fluxes. The mode of high sensible heat flux values leads to a more asymmetric and 330 
flatter temperature distribution, i.e., increased skewness and decreased kurtosis. Note that the 331 
mapping between the sensible heat flux and temperature pdfs is not 1:1, i.e., larger-scale 332 
atmospheric processes contribute to temperature variability, so that the latter is smoother 333 
compared to the former. In addition, because evapotranspiration is consistently energy-limited in 334 
1A over that point, the distribution of temperature in 1A does not reflect that of sensible heat 335 
flux, but rather the pdf of incoming radiation (Fig. 3d). This accounts for the negative skewness 336 
of the temperature pdf in 1A (Fig. 2), which thus exacerbates the skewness difference between 337 
both simulations in terms of temperature (compared to the skewness difference of the sensible 338 
heat flux pdfs). 339 
Because it is even drier, the point in Central Asia displays a more skewed interactive soil 340 
moisture distribution than the Central US point. As a result, the latent heat flux distribution, 341 
instead of becoming bimodal, becomes strongly positively skewed, with a single peak at very 342 
low values. This results in a squatter pdf of sensible heat flux compared to the Central US point, 343 
with little bimodality. Ultimately, this change in sensible heat distribution leads to a pdf of 344 
temperatures that exhibits an increase in standard deviation compared to simulation 1A, but 345 
contrary to the US point, little change in the overall shape of the pdf, its skewness, or kurtosis 346 
(see Fig. 2). In other words, over Central Asia, simulations 1A and CTL exhibit similar 347 
temperature pdf shapes for distinct reasons: in CTL the shape largely resembles that of the 348 
sensible heat flux distribution, whereas in 1A, where soil moisture limitation is alleviated, the 349 
temperature pdf resembles that of incoming radiation (Fig. 3d). Note that the radiation pdf is not 350 
as negatively skewed here as over the point in North America: this reflects the enhancement of 351 
cloud cover as a result of increased evapotranspiration in 1A, which truncates the high side of the 352 
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radiation distribution. The relative invariance of temperature skewness or kurtosis between CTL 353 
and 1A thus appears to stem from a tradeoff between soil moisture and cloud-radiative processes.  354 
 355 
3. India and Southeast Asia 356 
In contrast to the Central US and Central Asia points, the representative points in India 357 
and Southeast Asia lie mostly in the energy-limited EF regime in both simulations. Southeast 358 
Asia and India are wetter points, where JJA corresponds to the rainy season (mean JJA 359 
precipitation of 8.8 and 12.5 mm/d respectively in CTL). Since rainfall is frequent, soil moisture 360 
in the interactive case is negatively skewed, with many small positive anomalies (on rainy days) 361 
and a few large negative corresponding to occasional dry spells (Fig. 3a). Since both simulations 362 
lie mostly in the energy-limited regime, in which surface fluxes do not depend on soil moisture 363 
variations, the wider distribution of soil moisture values in the interactive case does not impact 364 
surface heat fluxes enough to alter their mean values strongly.  365 
The behavior of the point in Southeast Asia is illustrative of the wettest case in which soil 366 
moisture variability can influence temperature distribution: in the interactive case, only a few 367 
days fall in the soil moisture-limited regime, which are associated with lower evapotranspiration 368 
and higher sensible heat flux. This leads to the very flat tail of high temperature (Fig. 2) that is 369 
not associated with large changes in the mean or the standard deviation but a very strong increase 370 
in skewness and kurtosis, as discussed in section 3A. The point over India behaves in essentially 371 
the same way, except that the local climate there in the 1A simulation lies in the soil moisture 372 
limited-regime during part of JJA, leading to a flat high-side tail of sensible heat flux values and 373 
temperatures in 1A: in particular, this regime corresponds to the month of June, when the 374 
summer monsoon is not yet fully established over South Asia, so climatological soil moisture is 375 
still low and vegetation growth is limited. In the interactive case soil moisture-limitation is 376 
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further enhanced, leading to a more pronounced high-side tail of sensible flux (Fig. 3c) and 377 
temperature (Fig. 2). This is associated with increased standard deviation, but little change in 378 
skewness, as simulation 1A is already heavily skewed.  379 
 380 
4. Sahel 381 
Similarly to the Central US, the Sahel is a dry region in JJA (mean JJA rainfall of 4.3 382 
mm/d in CTL). As explained above, interactive soil moisture thus leads to a positively skewed 383 
soil moisture distribution; but contrary to the Central US or Central Asia points, climatological 384 
soil moisture in simulation 1A in JJA remains too low to relieve soil moisture limitation, and EF 385 
remains essentially soil moisture-limited (Fig. 3a). Simulation 1A exhibits delays in vegetation 386 
phenology compared to the interactive case (not shown): in CTL, in certain years early rainfall 387 
events yield sufficient soil moisture for vegetation to begin growing in the model, while in 1A, 388 
the soil moisture evolution is smoothed out, so that vegetation growth initiates later. As a result, 389 
over JJA mean LAI (Leaf Area Index) is actually slightly lower in 1A (although it is larger in 390 
subsequent months). Note that the dual-phase soil moisture-EF relationship on Figure 3a for the 391 
Sahel illustrates this behavior of vegetation: the s-shaped phase (in CTL and 1A) for low soil 392 
moisture values corresponds to conditions under which vegetation has not yet developed in the 393 
model and only soil evapotranspiration takes place, while the high-evapotranspiration phase for 394 
similar low soil moisture values (in CTL only) reflects the presence of transpiring vegetation. In 395 
total, because evapotranspiration remains soil moisture-limited in 1A over the Sahel, the wider 396 
distribution of soil moisture values in CTL enhances both low and high values of latent and 397 
sensible heat flux, so that the resulting mean fluxes are not changed (Fig. 3b and c). As a result 398 
the mean temperature remains unchanged. 399 
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The increase in the frequency of both high and low latent, and thus sensible, heat flux 400 
values leads to a few more days with low temperatures, and a large shoulder of high 401 
temperatures. This is reflected in the increase in standard deviation, reduced kurtosis and slightly 402 
enhanced skewness of the temperature distribution. 403 
 404 
5. Global analysis 405 
Figure 4 extends conclusions from Figure 3 regarding mean temperature changes to the 406 
global land area. One can note the tight overlap between the increase in average temperature 407 
(Fig. 1a) and the reduction (increase) in average summertime latent (sensible) heat flux (Fig. 4 a 408 
and b), which are also concomitant with reduced LAI (Fig. 4c). We speculate that this decrease in 409 
vegetation explains the greater temperature change in our simulations than those in the similar 410 
experiment by Krakauer et al. (2009), in which vegetation was prescribed. Consistent with the 411 
discussion of Figure 3, low-latitude regions in the Northern Hemisphere show little change in 412 
average summertime turbulent fluxes, in contrast to either North America or Central Asia. 413 
Furthermore, the higher near-surface temperature and reduced specific humidity in CTL (from 414 
reduced evapotranspiration) leads to a greater potential evapotranspiration (Fig. 4d): 415 
consequently, the greater atmospheric demand further contributes to soil moisture depletion and 416 
lower evapotranspiration. In other words, through the complementary relationship between 417 
potential and actual evapotranspiration (Bouchet 1963), a positive feedback exists between soil 418 
moisture depletion and temperature increase. On the other hand, in extremely arid regions (e.g., 419 
Sahara), simulated evapotranspiration is actually slightly higher in CTL (Fig. 4a). In such 420 
regions, appreciable latent heat flux only occurs after peaks in soil moisture following rain 421 
events in CTL; however, such peaks are absent with average soil moisture conditions prescribed 422 
in 1A. Thus little evapotranspiration takes place in 1A, and temperature then remain warmer on 423 
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average than in CTL. Finally, Figure 4e and f confirm that, globally, regions of reduced mean 424 
evapotranspiration in CTL tend to be associated with reduced mean cloud cover and thus 425 
increased incoming shortwave radiation. Changes in cloud cover primarily correspond to 426 
changes in low-level clouds (not shown), and are collocated with, or located slightly downwind 427 
(in a mean low-level sense) from the principal areas of evapotranspiration difference between 428 
CTL and 1A: this points to an essentially positive impact of land surface latent heat flux on 429 
regional low-level cloud cover in the model through reduction of the boundary layer humidity 430 
(Gentine et al. 2013). One exception is the Eastern Sahel region, where surface 431 
evapotranspiration is little changed. Here, the reduction in total cloud cover actually corresponds 432 
to a change in high-level rather than low-level cloudiness and is therefore not associated with 433 
strong insolation changes at the surface (Fig. 4f). As mentioned above, in regions like the 434 
Southeast US and Central Asia, the increase in incoming radiation likely feeds back positively on 435 
the mean surface warming. 436 
Figure 5 extends the analysis of changes in higher-order moments globally. The tight 437 
spatial overlap between Figure 5a,b and c and Figure 1b, c, and d further confirms the analysis of 438 
Figures 2 and 3 by showing that, globally, the CTL minus 1A differences in the analyzed 439 
moments of the temperature distribution over different regions largely mirror changes in 440 
moments of surface sensible heat flux pdf. Together, Figures 3 and 5 show that the generally 441 
higher standard deviation, higher skewness and lower kurtosis of the temperature distribution in 442 
CTL directly reflect the emergence of positve (negative) anomalies of sensible (latent) heat flux 443 
as a result of soil moisture dynamics. Compared to the more atmosphere-driven regime of 444 
surface fluxes in simulation 1A, these changes reflect the additional control of soil moisture on 445 
evapotranspiration in CTL, and thus vary across regions depending on local temperature and 446 
precipitation characteristics and associated soil moisture distribution. Although cloud cover 447 
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variability is enhanced from 1A to CTL over some regions (e.g., Central Asia) and may thus play 448 
a role in the changes of the temperature distribution, no clear relationship emerges at the global 449 
scale between changes in incoming solar radiation variability (or its higher-order moments) and 450 
temperature (not shown). Thus, on the global scale, feedbacks of turbulent heat fluxes to cloud 451 
cover and radiation do not appear to contribute largely to the change in surface temperature 452 
variability or higher-order moments. 453 
 454 
 455 
C. Time scale of variability 456 
By comparing simulations with prescribed and interactive soil moisture, we have demonstrated 457 
that soil moisture-atmosphere interactions strongly influence the distribution of daily 458 
summertime surface temperatures over land in GFDL ESM2M. One important aspect of 459 
temperature variability that is not characterized by the associated pdfs, however, is the timescale 460 
of variability, in particular that changes in daily temperature distributions may reflect changes in 461 
variability across distinct timescales – e.g., daily to interannual timescales (e.g., Fischer and 462 
Schär 2009).  463 
As a first step to investigate the temporal characteristics, Figure 6 decomposes the 464 
difference in temperature standard deviation between CTL and 1A (shown on Fig. 1b) into two 465 
timescales of interest in land-atmosphere coupling, synoptic and interannual. Note that the mean 466 
seasonal cycle of temperature is now removed from each simulation, and the resulting anomalies 467 
are band-pass filtered to retain the variability corresponding to periods of either 1 to 5 days (Fig. 468 
6a) or >360 days (Fig. 6b). Figure 6 clearly illustrates that over different regions, soil moisture-469 
atmosphere interactions enhance temperature variability on different timescales. Over Central 470 
Asia, the increase in temperature variability is most strongly evident at synoptic timescales (a 471 
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few days), whereas over three of the other areas highlighted (India, the Sahel, the Southern US), 472 
temperature variability is mostly enhanced on interannual timescales. In terms of temperature 473 
pdfs, this means that the high-side tail of the multi-year, daily temperature distribution in CTL 474 
over Central Asia shown on Figure 2 is populated by short-timescale fluctuations occurring every 475 
summer as a result of interactive soil moisture, whereas over India, the Sahel, and the Southern 476 
US, the tails of the temperature distribution are largely filled by days in particular summers that 477 
are anomalously cold or warm seasonally.  478 
Figures 6c and d show that sensible heat flux variability is also enhanced more strongly 479 
with interactive soil moisture at synoptic relative to interannual timescales over Asia, although 480 
the separation of timescales is less distinct than for temperature. Over the other regions 481 
examined, the opposite is true. This is consistent with soil moisture-atmosphere interactions 482 
generating temperature variability at different timescales over different regions as in Figures 6a 483 
and b.  484 
Neglect of the mean temperature seasonal cycle in Figure 6 potentially obscures 485 
important impacts of soil moisture dynamics on seasonality (Teuling et al. 2006). To remedy this, 486 
Figure 7 illustrates the mean seasonal cycle over the five representative points analyzed in 487 
Section 3. One can see that over North America and Central Asia, the increase in mean 488 
temperature is not a uniform shift throughout the year but is associated with a strongly enhanced 489 
seasonal cycle. In particular, the increase in temperature is maximized at the peak of the seasonal 490 
cycle, which reflects the asymmetric effect of interactive soil moisture on the temperature pdf, 491 
i.e., warm conditions are disproportionately impacted compared to cool conditions. Figure 7 492 
shows that the differences in temperature seasonality between CTL and 1A throughout JJA can 493 
be interpreted in terms of the seasonalities of latent and the sensible heating. This enhanced 494 
temperature seasonality contributes to the increase in daily variability, as well as to other changes 495 
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in higher-order moments of the daily temperature distribution over these regions. In other words, 496 
the increase in daily variability corresponds to increasing seasonal cycle amplitude (Fig. 7) and 497 
increased amplitude of the anomalies relative to the seasonal cycle, at daily timescales mostly 498 
over Central Asia and at interannual timescales mostly over North America (Fig. 6a and b). Over 499 
the other regions the seasonal cycle is less affected in JJA.  500 
Ultimately, we suggest that the distinct regional impacts of soil moisture dynamics on 501 
temperature variability at different timescales are associated with different timescales of 502 
precipitation variability, and thus soil moisture variability, over these regions. For instance, 503 
Figure 8 shows that soil moisture varies much more at interannual timescales over the Southeast 504 
US than over Central Asia. In general, the Southeast US, West Africa, and India lie at lower 505 
latitudes and closer to the oceanic moisture sources than Central Asia, so that summertime 506 
precipitation variability in these regions is arguably more affected by sea surface temperature 507 
(SST) interannual variability, e.g., ENSO. Interestingly, in this context, Figure 6 suggests that 508 
interannual temperature variability associated with SSTs variations is only fully expressed in a 509 
model if soil moisture dynamics are included. In other words, the reduced interannual 510 
temperature variability in 1A (Fig. 6b) indicates that at least part of temperature interannual 511 
variability in the control run is the result of the soil moisture-mediated anti-correlation between 512 
precipitation and temperature. Together with the simulations analyzed here, additional 513 
simulations using prescribed climatological SSTs instead of time-varying SSTs should provide a 514 
more complete framework to tease apart the origins of temperature variability over different 515 
regions in the model (e.g., Koster et al. 2000). 516 
 517 
4) Discussion and conclusion 518 
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One obvious limitation of our study is that our results are based on analysis of a single model: 519 
the impact of soil moisture dynamics on temperature distributions is related to the strength of soil 520 
moisture-atmosphere coupling in the model, and previous studies have shown that land-521 
atmosphere coupling can vary largely between models (e.g., Koster et al 2006, Seneviratne et al. 522 
2010). Other models might thus yield different results regarding the impact of soil moisture 523 
variability on temperature distributions. As a first step to increase the robustness of the results 524 
presented here and assess the spread between climate models in terms of soil moisture impacts 525 
on temperature distribution, one could investigate simulations from the other models 526 
participating in the GLACE-CMIP5 experiment. Such an investigation was beyond the scope of 527 
the present study (only GFDL ESM2M’s simulations were available at the time of analysis); 528 
however, we point out here that, as mentioned in the introduction, comparing temperature 529 
distributions between models may prove challenging, as grid cell-scale pdfs cannot be readily 530 
visualized and compared on the global scale across models. Recently Loikith et al. (2013) 531 
presented a pdf clustering methodology allowing for the comparison of climate distribution 532 
across datasets, which could be useful for model intercomparison. Alternatively, analysis of 533 
distribution moments, as in the present study, can provide a first-order basis for comparison. In 534 
general, we propose that some elements of analysis presented here - changes in different 535 
moments of distribution, timescales of change in variability – be considered in further studies of 536 
land-atmosphere coupling, as we showed that some usual diagnostics – e.g., change in daily 537 
standard deviation – might conceal impacts on other moments or timescales of variability.  538 
One irreducible limitation associated with the experimental set-up used in this study in 539 
agreement with the GLACE-CMIP5 protocol is that simulation 1A is a highly idealized 540 
experiment, in which overriding soil moisture by the climatological seasonal cycle introduces 541 
some physical inconsistencies. In particular, overriding soil moisture in this way disrupts the 542 
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water cycle as the model is no longer required to conserve water. Over certain regions it 543 
essentially provides a spurious source of latent heat at the surface (e.g. Central Asia): enhanced 544 
evapotranspiration without soil moisture depletion (since soil moisture is overridden at each 545 
model time step) then leads to the net creation and input of water to the atmosphere. Note that 546 
since the atmosphere cannot store this additional water, precipitation also increases (by up to 2 547 
mm/d in 1A) as a result of increased land evapotranspiration and cloud cover (not shown); 548 
however, the increase in precipitation in 1A does not further feed back on evapotranspiration and 549 
surface latent cooling, since soil moisture is prescribed in this simulation and does not respond to 550 
precipitation (the additional precipitation thus essentially disappears from the system again as it 551 
enters the ground). We saw in section 3.B.2 that this difference in mean surface fluxes between 552 
1A and CTL over certain regions is enhanced by the fact that a mean climatological distribution 553 
of soil moisture is prescribed in 1A, with large differences from the interactive soil moisture 554 
distribution. While there is arguably no perfectly physically-consistent way to disable a physical 555 
process in a climate model – i.e., here, to design an experimental protocol turning off soil 556 
moisture-atmosphere interactions – we suggest that alternative protocols could be considered that 557 
may minimize the disruption of the water cycle and thus the associated impacts on the mean 558 
climate: for instance prescribing in simulation ‘1A’ one realization of soil moisture from the 559 
interactive simulation (either one year repeatedly or the whole multiannual, transient field), as 560 
was done at the seasonal time scale in the first GLACE experiment (Koster et al. 2004). While 561 
water would not be conserved in such a set-up either, this would permit the inclusion of a similar 562 
pdf of soil moisture between both simulations, thus possibly limiting the disruption of the water 563 
cycle while still disabling soil moisture-atmosphere interactions. Alternatively, one could 564 
prescribe directly the seasonal cycle of surface heat fluxes instead of soil moisture, thus disabling 565 
soil moisture-atmosphere interactions by breaking the link between soil moisture and surface 566 
25 
fluxes instead of breaking the link between precipitation and soil moisture (e.g., Koster et al. 567 
2000, Reale and Dirmeyer 2002, Schubert et al. 2004). An interesting question is whether these 568 
different ways of severing the feedback loop between soil moisture and surface climate would 569 
yield similar results regarding the impact of these processes on surface temperature distributions. 570 
Krakauer et al. (2009) for instance, following the same protocol as in the present study (i.e., 571 
prescribing soil moisture climatology), note that the impact of soil moisture dynamics on the 572 
mean evapotranspiration and precipitation over land in their study is of the opposite sign of that 573 
in Reale and Dirmeyer (2002), in which surface fluxes rather than soil moisture are prescribed, 574 
using a constant evaporative efficiency, or ratio of actual to potential evapotranspiration. One 575 
may thus anticipate differences in impacts on higher-order moments of surface climate 576 
distributions (e.g., evapotranspiration, temperature) as well.  577 
Our results also indicate that inclusion of dynamic vegetation strongly modulates the 578 
effect of prescribing soil moisture climatology in GFDL ESM2M (cf. section 3.B.1), in contrast 579 
to prior studies (e.g., Koster et al. 2006, Seneviratne et al. 2006, Krakauer et al. 2009) in which 580 
vegetation was non-dynamic. This underscores how the effects of a particular experimental 581 
protocol may also depend on model configuration. Overall, we emphasize that analyzing the 582 
impact of soil moisture variability on surface climate by comparing interactive versus 583 
climatological-soil moisture simulations is not strictly equivalent to isolating the contribution of 584 
soil moisture-atmosphere interactions: the former is an operational protocol, amongst others, to 585 
achieve insight into the more conceptual notion of the latter. We note that the GLACE-CMIP5 586 
protocol was introduced mainly to investigate the impact of mean soil moisture change on 587 
climate in the context of long-term climate change (Seneviratne et al. 2013), rather than the role 588 
of soil moisture-atmosphere interactions in present climate per se. 589 
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While the model experiment allows us here to probe the role of simulated soil moisture 590 
variability on temperature pdfs, observational validation of these results is obviously 591 
challenging, since there is no equivalent to the prescribed-soil moisture simulation in nature. On 592 
the other hand, to the extent that the interactive soil moisture simulation is meant to represent the 593 
real climate system, we can compare observed temperature pdfs to the simulated ones. While 594 
extensive investigation is beyond the scope of the present study, a cursory analysis indicates that 595 
the temperature distributions show some striking disagreement between various observational 596 
(HadGHCND, Caesar et al. 2006) or observationally-constrained datasets (i.e., various 597 
reanalysis; Fig. 9). Over the Southern US point used in this study, the shape of the temperature 598 
pdf varies considerably across datasets (comparable differences were evident at some of the other 599 
points). For reanalysis products in particular, we suggest that this reflects the lack of direct 600 
assimilation constraints on near-surface temperature. For example, surface temperature is a 601 
“class B” product in NCEP (Kalnay 1996), which means that it is partially defined by 602 
observations but also strongly influenced by the reanalysis model characteristics. This may be 603 
especially critical for distribution moments beyond the mean or variance. We also point out 604 
differences between gridded observations (Fig. 9d) and co-located station data (Fig. 9e). In this 605 
context, it is difficult to validate temperature pdfs from our simulations.  606 
However, we suggest that the much greater skewness in the CTL compared to 607 
observations (see Fig. 9f) appears to indicate overestimation of soil moisture-atmosphere 608 
coupling strength in GFDL ESM2M. In previous GLACE intercomparisons, an earlier version of 609 
the GFDL model using the same atmospheric component (albeit with a different land model) did 610 
indeed exhibit strong land-atmosphere coupling compared to many of the other models in the 611 
GLACE ensemble (Koster et al. 2004, Koster et al. 2006), and preliminary results from GLACE-612 
CMIP5 models also indicate a greater enhancement of summer temperature interannual 613 
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variability in CTL compared to 1A in the GFDL model, which suggests a greater coupling 614 
strength in this model. However, such a comparison, between observations and simulation CTL, 615 
cannot by itself rule out the existence of a contribution of soil moisture dynamics to temperature 616 
distributions in nature physically similar to the one implied by the present study. 617 
We also comment on the potentially critical role of higher order moments of surface 618 
temperature and their link to soil moisture for data assimilation. In pioneering work, Mahfouf 619 
(1991) demonstrated how assimilation of screen-level temperature could improve soil moisture 620 
prediction since the daytime course of air temperature reflects surface energy partitioning at the 621 
surface within the land-boundary layer coupled system (Gentine et al. 2011). Since this work air-622 
temperature has been used in some land-surface data assimilation products (Bouttier et al. 623 
1993a,b; Balsamo et al. 2007). Nonetheless all current operational assimilation techniques 624 
(Ensemble Kalman Filter/Smoother – 3D and 4D-var) rely on Gaussian assumption for the shape 625 
of the assimilated and observed variables. We have shown in this study that in many cases the 626 
variance and mean may be poor indicators of soil moisture impact on surface air temperature. 627 
This stresses the need to consider implementation of assimilation frameworks that are more 628 
sensitive to higher-order moments (van Leeuwen 2010). 629 
 Overall, by comparing simulations with prescribed and interactive soil moisture, we have 630 
shown how soil moisture-atmosphere interactions strongly influence the distribution of daily 631 
summertime surface temperature over land in a number of regions in GFDL EMS2M. Large 632 
changes in the mean and standard deviation of the temperature distribution were found to occur 633 
in well-known ‘hotspot’ regions, in general agreement with previous modeling studies (e.g., 634 
Krakauer et al. 2009, Koster et al. 2006, Seneviratne et al. 2006). Beyond that, our results 635 
demonstrate that the shape of the temperature pdf, characterized by higher-order moments of the 636 
distribution, is also strongly modulated when soil moisture dynamics is suppressed. These 637 
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changes mostly reflect the impact of stronger soil moisture control on evapotranspiration in the 638 
interactive simulation, which is associated with positive sensible heat flux anomalies that lead to 639 
higher temperatures. Importantly, the different temperature pdf parameters are not all affected at 640 
the same time or in a similar way in different regions. We interpret these different impacts as 641 
arising from geographic variation in mean hydroclimate and rainfall characteristics and how 642 
interactive soil moisture affects the distribution of soil moisture anomalies, and thus of surface 643 
fluxes, over these regions. For instance, over the drier Southern US and Central Asia, the 644 
positively skewed soil moisture distribution in the simulation with interactive soil moisture leads 645 
to a strong decrease in average evapotranspiration and increase in mean temperature; on the other 646 
hand, over the wetter Southeast Asia or West Africa, negatively skewed soil moisture anomalies 647 
induce relatively few low evapotranspiration anomalies and thus a sharp tail in high sensible heat 648 
flux and temperature anomalies, associated with a strong increase in skewness but little other 649 
change in the distribution. These different behaviors underscore the importance of analyzing 650 
more than the first two distribution moments to characterize the impacts of soil moisture-651 
atmosphere interactions on surface temperature. In particular, some effects might be poorly 652 
captured by changes in the standard deviation alone. Our results also underscore the need to 653 
consider data assimilation techniques with non-Gaussian assumptions to estimate soil moisture.  654 
In our model, the general effect of soil moisture dynamics and associated feedbacks to the 655 
atmosphere is to increase the variance, increase the skewness, and decrease the kurtosis of the 656 
temperature distribution. As a result, soil moisture-atmosphere interactions strongly contribute to 657 
shaping the high-side tail of the temperature pdf. The results also indicate that these effects might 658 
take place at different timescales over different regions. Overall, these results suggest the 659 
feedbacks to the atmosphere associated with soil moisture dynamics are critical for summertime 660 
high temperature extremes. This study thus contributes to the growing body of work linking 661 
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climate pdfs, climate extremes and physical processes: our results suggest a correct 662 
representation of land-atmosphere coupling is essential to the simulation of summer temperature 663 
extremes in the present climate, as well as to an understanding of how such extremes are 664 
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Figure 1: Difference of the four first moments of the distribution of daily JJA 2-m temperature 882 
between simulations CTL and 1A (CTL minus 1A) over 1971-2000: (a) mean (K), (b) standard 883 
deviation (K), (c) skewness (unitless), (d) kurtosis (unitless). Pixels with no significant difference 884 
at the 1% level between both simulations were blanked out, according to: for the mean, a Welch 885 
test (which does not assume equal variance); for the standard deviation, a Levene test (which 886 
does not assume normal distribution of the data). For the skewness and kurtosis, a test was 887 
designed as follows: for each pixel, the two distributions (daily temperature from 1A and from 888 
CTL) were concatenated, shuffled randomly, and redrawn 1000 times; differences in skewness 889 
and kurtosis were estimated to be significant when they were greater (lower) than the 95% (5%) 890 
quantile of the corresponding distribution of differences.  891 
Note that for kurtosis (d), the color scale saturates at -5/5 for greater legibility. Black circles 892 
indicate the points used in figures 2, 3 and 7: in the US, the Sahel, Central Asia, India and 893 
Southeast Asia. 894 
 895 
Figure 2: Distribution of daily JJA 2-m temperatures over the five points shown on Figure 1, for 896 
CTL (in red) and for 1A (in blue). Y-axis shows histogram densities. 897 
Text indicates the values of the first four moments of the corresponding distributions. Sd= 898 
standard deviation; sk=skewness; kt= kurtosis.  899 
 900 
Figure 3: Over the same five points as Figure 2, for CTL (in red) and 1A (in blue), using JJA 901 
values over 1971-2000: (a) dots: daily evaporative fraction (EF – left axis) as a function of daily 902 
surface soil moisture; horizontal dashed lines: average EF; histograms: distribution of daily 903 
surface soil moisture values (SM – right axis); (b), (c), (d), daily distributions of, respectively, 904 
latent heat flux, sensible heat flux, incoming shortwave radiation – vertical bars represent the 905 
mean of the distribution. Right y-axis on (a) and y-axes on (b) (c) and (d) represent histogram 906 
densities.  907 
 908 
Figure 4: Difference between JJA daily mean of (a) latent heat flux (W/m
2
), (b) sensible heat flux 909 
(W/m
2
), (c) Leaf Area Index,(d) potential evapotranspiration, as estimated from model outputs 910 
using the Penman-Monteith equation (mm/d); (e) cloud cover (%); (f) incoming shortwave 911 
radiation (W/m
2
), between simulation CTL and 1A (CTL minus 1A) over 1971-2000. Except for 912 
(c), pixels with no significant difference at the 1 % level between both simulations were blanked 913 
out (according to a Welch test, which does not assume equal variances). 914 
 915 
Figure 5: Difference between (a) standard deviation (W/m
2
), (b) skewness, (c) kurtosis of JJA 916 
daily sensible heat flux simulation CTL and 1A over 1971-2000. Pixels with no significant 917 
difference are blanked out as on Figure 1. Note that for kurtosis (c), the color scale saturates at -918 
20/20 for greater legibility. 919 
 920 
Figure 6: Difference between standard deviation of JJA daily 2-m temperature anomalies (in K) 921 
between simulation CTL and 1A over 1971-2000, retaining only the variability: (a) between 1 922 





Figure 7: Over same points as Figures 2 and 3, mean seasonal cycle over 1971-2000 of 2-m 926 




) and sensible heat flux (hfss, dashed lines; right –y-axis, in W/m2), for CTL (in red) and 928 
1A (in blue). DoY: Day of Year. Vertical grey lines delimit JJA. 929 
 930 
Figure 8: Daily total soil moisture (SM) over 1971-2000, taking the mean over regional boxes 931 
over the Southeast US and Central Asia (respectively: -108.75/-83.75E, 31.3/39.4N and 932 
53.75/103.75E, 49.5/63.7N), in simulation CTL (red) and 1A (blue). 933 
 934 
Figure 9: Distribution of daily JJA temperature anomalies (K) over the North America pixel used 935 
on figures 2 and 3, in (a) NCEP1, over 1971-2000; (b) in NARR (North American Regional 936 
Reanalysis, Mesinger et al. 2006) over 1979-2002; (c); in MERRA (Modern-era Retrospective 937 
Analysis for Research and Applications, Rienecker et al. 2011) over 1979-2002, (d) in 938 
HADGHCND over 1971-2000; (e) station data from Albuquerque (NCDC Global Summary of 939 
the Day (GSOD)), over 1971-2000; (f) from simulations CTL (in red) and 1A (in blue) – 940 
differences between f and figure 2 reflect the difference between temperature anomalies and 941 
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Figure 2: Distribution of daily JJA 
2-m temperatures over the five 
points shown on Figure 1, for CTL 
(in red) and for 1A (in blue). Y-axis 
shows histogram densities. 
Text indicates the values of the first 
four moments of the corresponding 
distributions. Sd= standard 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3: Over the same five points as Figure 2, for CTL (in red) and 1A (in blue), using JJA 966 
values over 1971-2000: (a) dots: daily evaporative fraction (EF – left axis) as a function of daily 967 
surface soil moisture; horizontal dashed lines: average EF; histograms: distribution of daily 968 
surface soil moisture values (SM – right axis); (b), (c), (d), daily distributions of, respectively, 969 
latent heat flux, sensible heat flux, incoming shortwave radiation – vertical bars represent the 970 
mean of the distribution. Right y-axis on (a) and y-axes on (b) (c) and (d) represent histogram 971 
densities.  972 
39 
 973 
Figure 4: Difference between JJA daily mean of (a) latent heat flux (W/m
2
), (b) sensible heat flux 974 
(W/m
2
), (c) Leaf Area Index,(d) potential evapotranspiration, as estimated from model outputs 975 
using the Penman-Monteith equation (mm/d); (e) cloud cover (%); (f) incoming shortwave 976 
radiation (W/m
2
), between simulation CTL and 1A (CTL minus 1A) over 1971-2000. Except for 977 
(c), pixels with no significant difference at the 1 % level between both simulations were blanked 978 






Figure 5: Difference between (a) standard deviation (W/m
2
), (b) skewness, (c) kurtosis of JJA 984 
daily sensible heat flux simulation CTL and 1A over 1971-2000. Pixels with no significant 985 
difference are blanked out as on Figure 1. Note that for kurtosis (c), the color scale saturates at -986 




Figure 6: Difference between standard deviation of JJA daily 2-m temperature anomalies (in K) 990 
between simulation CTL and 1A over 1971-2000, retaining only the variability: (a) between 1 991 











Figure 7: Over same points as Figures 2 and 3, mean seasonal cycle over 1971-2000 of 2-m 1000 
temperature (full lines; left y-axis, in °C), latent heat flux (hfls, dash-dotted lines; right –y-axis, 1001 
in W/m
2
) and sensible heat flux (hfss, dashed lines; right –y-axis, in W/m2), for CTL (in red) and 1002 





Figure 8: Daily total soil moisture (SM) over 1971-2000, taking the mean over regional boxes 1007 
over the Southeast US and Central Asia (respectively: -108.75/-83.75E, 31.3/39.4N and 1008 






Figure 9: Distribution of daily JJA temperature anomalies (K) over the North America pixel used 1014 
on figures 2 and 3, in (a) NCEP1, over 1971-2000; (b) in NARR (North American Regional 1015 
Reanalysis, Mesinger et al. 2006) over 1979-2002; (c); in MERRA (Modern-era Retrospective 1016 
Analysis for Research and Applications, Rienecker et al. 2011) over 1979-2002, (d) in 1017 
HADGHCND over 1971-2000; (e) station data from Albuquerque (NCDC Global Summary of 1018 
the Day (GSOD)), over 1971-2000; (f) from simulations CTL (in red) and 1A (in blue) – 1019 
differences between f and figure 2 reflect the difference between temperature anomalies and 1020 
absolute values. Y-axes show histogram densities. 1021 
